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 Abstract 
 
Nanocellulose has attracted attention from academic researchers and industrial 
corporations worldwide. It is a sustainable raw material with remarkable strength and 
rheological properties. The industrial production of nanocellulose is an aqueous process; 
however, many of its valuable properties are lost upon water removal. Indeed, once dried, 
nanocellulose irreversibly assembles into a plastic-like material. Currently it can be too 
expensive to transport the aqueous suspensions. In order to mitigate high transportation 
costs, a method must be developed to dry and rehydrate nanocellulose whilst maintaining 
its nano-morphology. The current work demonstrates that the introduction of a cationic 
surfactant into the aqueous nanocellulose suspension yields a chemical dewatering effect 
similar to that observed in papermaking, weakening the intercellulosic hydrogen bonds 
and allowing for reduced energy requirements during redispersion.  
Specifically, the current study employs cetyltrimethylammonium bromide 
(CTAB), a cationic surfactant in an effort to rehydrate nanocellulose whilst maintaining 
the desired nano-scale morphology. Fiber size has been characterized in both the liquid 
and solid phases using laser diffraction and scanning electron microscopy (SEM), 
respectively. In addition, it has been demonstrated that recovery of CTAB from dried 
nanocellulose pads may be achieved by soaking dried pads in an organic solvent. The 
recovery of CTAB will allow for a recycling step after the proposed drying process.  
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Chapter One: Literature Review 
 
1.1 Background 
 
 Cellulose has long been a fundamental material available to mankind. It is abundant 
and thus harvested from many primary sources: from trees and sugar cane, to corn and rice. 
Cellulose is a product of photosynthesis, a reaction that consumes carbon dioxide and water 
in the presence of sunlight and chlorophyll (Smook 2002). The renewability of cellulose 
makes its use in paper, textiles, packaging, and other material industries highly affordable 
and environmentally friendly. Indeed, between 1010 and 1011 tons of cellulose are harvested 
annually worldwide (Lavoine 2012).  
Chemically, cellulose is a polysaccharide. Repeating glucose units, joined by ethers, 
comprise the basic structure of the cellulose polymer (Figure 1a). The chemical formula of 
cellulose is (C6H10O5)n, where n represents the number of repeating units.  Hydrogen 
bonding of hydroxyl groups lead to the formation of microfibrils, which cluster to form 
macrofibrils, which then cluster to form cellulose fibers (Figure 1b). 
                         
Figure 1a: Repeat unit of cellulose               Figure 1b: Composition of a cellulose fiber 
             (Eichhorn 2009)                         (Smook 2002) 
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The reactive hydroxyl sites of cellulose make it a material that is easy to chemically modify 
for specific industrial purposes. The reactivity of cellulose presents “opportunities to 
develop a new generation of materials based on cellulosic fibers” (Peng 2011). In fact, 
these novel materials have opened a new business area for forest resources (Oksman 2012). 
Nanomaterials in particular have captured the attention of scientists and entrepreneurs 
worldwide. 
 Nanomaterials are defined as materials with two or more dimensions in the range 
of 1 – 100 nm (Pakowski 2006). Nanofibrillated cellulose (NFC), or microfibrillated 
cellulose (MFC), is a nano-scale material because the fibers have diameters between 10 
and 40 nm and lengths of approximately one micron (Siró 2010). The manufacture of MFC 
began in the early 1980s under the direction of Turbak et al. at ITT Rayonnier (Klemm 
2011). A homogenizing process termed mechanical fibrillation was developed to break 
down cellulose into its constituent microfibrils, using wood pulp as a starting material. A 
refiner forces a dilute pulp slurry “between rotor and stator disks [which] have surfaces 
fitted with bars and groves against which the fibers are subjected to repeated cyclic 
stresses” (Siró 2010). Mechanical fibrillation causes the cellulose fiber bundles to split into 
individual microfibrils until the original fiber has reached nano-scale dimensions.  
Refining modifies the physical properties of the fiber, ultimately increasing fiber 
bonding potential, an important indication of fiber strength. Consequently, the 
homogenization process results in the disintegration of wood pulp into “strongly entangled 
and disordered networks of cellulose nanofiber” (Siró 2010). A drawback of mechanical 
fibrillation is that it is highly energy intensive. The “numerous mechanical passes necessary 
to obtain well-defibrillated fiber suspensions” result in a large energy demand (Lavoine 
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2012), as well as uneven fiber size.  
 Nanocellulose can also be derived by chemical treatment. For example, 
nanocellulose that is derived by acid hydrolysis is termed cellulose nanocrystals (CNC). 
Acid hydrolysis dissolves the amorphous sections of cellulose fibers and is often followed 
by ultrasonic treatment. The resulting CNC is also referred to as “whiskers.” CNC displays 
certain optical properties that make it useful in coating additives, security papers, and gas 
barriers (Klemm 2011).  
Nanocellulose may also be formed via bacterial synthesis and the resulting product 
is termed bacterial nanocellulose (BNC). During bacterial synthesis, aerobic bacteria are 
grown in an aqueous nutrient media, such that the bacteria secrete a very pure, stable 
cellulose hydrogel. BNC may also be referred to as bacterial cellulose, microbial cellulose, 
or biocellulose. The nomenclature of nanocellulose is not yet consistent.  
Some forms of nanocellulose are produced by a combination of chemical and 
mechanical processes. In an effort to reduce the energy intensity of mechanical fibrillation, 
it is common for the cellulose pulp to undergo chemical pre-treatment. Alkaline pre-
treatment dissolves the lignin structure between fibers (Siró 2010). Oxidative pre-treatment 
and enzymatic pre-treatment are also employed to help break down the cellulose fibers 
prior to refining. It has been shown that both the source of the original cellulose and the 
process by which nano-scale cellulose is generated impact the properties of the final 
material.  
 Many industries take advantage of the physical properties of nanocellulose, 
especially its high tensile strength. Nanocellulose is also thermally stable, hydrophilic, 
absorbent, and exhibits inherent bonding ability (Smook 2002). The production of 
4 
 
nanocellulose is affordable, renewable, and environmentally friendly. Among other things, 
the material is employed in polymers, packaging material, sandwich foam cores, and 
aerogels. Nanocellulose is employed as a rheology modifier in foods, paints, cosmetics and 
pharmaceutical products. Nanocellulose is also used in nanopaper structures, optically 
transparent and flexible composite films, and especially in nanocomposites because it 
considerably improves the mechanical properties of such materials (Voronova 2012). As a 
result of mechanical fibrillation of wood pulp into nano-scale fibers, the elastic modulus of 
cellulose increases from approximately 10 to 145 GPa (Jeronimidis 1980 and Beecher 2007 
via Peng 2011). Thus, when compared to cellulose, nanocellulose enhances stress transfer 
in composites. However, unless fibers have an aspect ratio greater than 50, an efficient 
reinforcement effect is not guaranteed. This upper-limit on reinforcement results from the 
Young’s modulus reaching a plateau at aspect ratios greater than 100 (Eichhorn 2009): 
 
 
Figure 2: Halpin-Tsai predictions of Young’s moduli as a function of fiber aspect ratios (Eichhorn 2009) 
 
Figure 2 presents a plot of a polypropylene composite filled with nanocellulose at a 
concentration of 50% on a volume basis. The Halpin-Tsai model was used to predict the 
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elastic constant of composite materials from the aspect ratio of the filler (Eichhorn 2009). 
It is evident that nanofibrillated cellulose greatly increases the physical strength of 
composite materials when compared to traditional cellulose fibers (Khalil 2012). NFC also 
has a high specific area which, combined with its abundance of hydroxyl groups, results in 
strong bonds with other hydrophilic species. The high surface area to volume ratio 
exhibited by nanocellulose results in the fiber surface “play[ing] a dominant role in the 
mechanical efficiency of stress transfer in a nanocomposites,” as well as in the ability to 
modify surface chemistry (Eichhorn 2009). 
 Eichhorn et al., has reviewed the research that has been conducted on nanocellulose 
used in composite materials. This group attributes the fibers’ tendency for agglomeration, 
or self-association, to “the strongly interacting surface hydroxyl groups.” These fiber-fiber 
interactions inhibit the mechanical reinforcement of the composite that is being filled with 
nanocellulose. In fact, nanocellulose is typically prepared in water dispersions due to its 
propensity for self-association (Eichhorn 2009). Eichhorn et al. does mention alternate 
methods for dispersion in organic media in an effort to increase stability, but water is the 
“preferred processing medium.” Water in a cellulose suspension is categorized into three 
types: free water, freezing bound water, and nonfreezing bound water (Park 2007 via 
Beaupré 2012). Free water, or unbound water, is water that can be drained during 
dewatering and with the application of pressure and heat. Freezing bound water is adjacent 
to the bulk fluid, but also bound to the nonfreezing bound water. Strong interfacial 
interactions keep nonfreezing bound water adjacent to the nanocellulose fiber surface. 
Chemistry added to the surface of nanocellulose fibers in an attempt to mitigate 
agglomeration during drying would interact with the free water in the fiber slurry. 
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1.2 Motivation for Study 
 
As evident from the review above, nanocellulose is typically prepared in an aqueous 
suspension; however, its use in hydrophobic materials require that it be dried prior to 
incorporation. The challenge to industry is that there is a well-documented difficulty in 
drying nanocellulose without it undergoing fiber agglomeration. Specifically, it is difficult 
“to preserve or redisperse after drying” (Lavoine 2012). As such, many of the valuable 
properties unique to nanocellulose are lost upon water removal. Indeed, once dried, 
nanocellulose irreversibly assembles into a plastic-like material.  
When employed in hydrophilic materials, nanocellulose is often applied while still 
dispersed in a suspension. Such processing eliminates the issue of fiber agglomeration upon 
drying and costs associated with transporting the low weight percent aqueous suspensions. 
For use in hydrophobic matrices, or in hydrophilic matrices where composite production 
is remote from slurry processing, it is necessary to develop a method of drying NFC while 
maintaining nano-scale morphology (Peng 2011). The manufacture and application of 
nanocellulose on a large scale is currently limited without a low intensity drying process 
that does not result in agglomeration and hence allows for redispersion. 
 
1.3 Current Research 
 
 The need for water removal from nanocellulose aqueous slurries without resulting 
in aggregation has led to a handful of studies with the intent of developing low energy 
methods of drying that could be adopted by industries on a large scale. Methods of drying 
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nanomaterials often differ from those employed classically for bulk materials, which 
presents a unique challenge to contemporary research. Spray drying, oven drying, and 
freeze drying have all been employed with varying success in drying nanocellulose. Other 
water removal techniques require additives and pre-treatment. Most of the research is 
recent, so there are limited conclusions. It is evident that a solution is yet to be found.  
 A study conducted in 2006 reviewed three contemporary methods of drying 
nanomaterials that were developed on a laboratory scale but were ultimately 
commercialized for industry. The nanomaterials under review included nanoparticles, 
nanofilms, and nanoporous materials. The three chosen methods of drying were spray 
drying, freeze drying, and supercritical drying (Pakowski 2006). Spray drying is difficult 
to scale up, and it is—more importantly for this project—not a solution to fiber 
agglomeration. Freeze drying is only applicable to gels, whose internal structure is altered 
by ice crystal formation and is therefore sprayed into liquid nitrogen prior to freeze-drying. 
Supercritical drying was preferred to traditional convection drying methods, especially for 
the production of aerogels. Due to the novelty of the nanomaterials produced in the study, 
many manufacturers would not reveal their operational processes at the time the study was 
conducted by Pakowski.  
Bulk drying methods such as oven drying were also examined on the laboratory 
scale. If all ions and water are removed prior to drying, it was determined that 
agglomeration may be avoided during oven drying. Ions can be extracted by washing with 
de-ionized water, while water can be removed with organic solvents that exhibit “low 
surface tension and functional groups that possibly replace hydroxyl groups on the surface 
of the nanoparticles” (Pakowski 2006). 
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 Five years later, a study was conducted at the University of Maine with the objective 
of identifying a drying process that would be sufficient to generate “reasonable quantities” 
of nanocellulose (Peng 2011). Oven drying was performed as a control and compared with 
three methods, specifically spray drying, freeze drying, and supercritical drying. Of the 
tested methods, it was determined that only spray drying produced cellulose fibers in the 
nano and micron size range. Such sizes would be adequate for use as composite fillers 
typically for thermoplastic materials; however, difficulties encountered with dispersion 
would be expected to limit industrial application of the technology (Peng 2011). After 
careful comparison of all four drying techniques, it was evident that the size and shape of 
the nanocellulose fibers are dependent upon the chosen drying technique. Although spray 
drying was found to be the most successful method of drying because it produced particles 
within the desired size range, it is not a method that is likely to be applied on a scale larger 
than the laboratory.  
 Voronova et al. evaluated the utility of freeze drying for the drying of cellulose 
nanofiber slurries. The freeze drying technique was performed after ultrasonic treatment of 
the aqueous suspension, which was then isobarically supplied to a cryogranulator serving 
to disperse the slurry into liquid nitrogen. Freeze drying is a unique process because “the 
process of crystallization is carried out at temperatures considerably lower than the freezing 
point of water” (Voronova 2012). Decreased temperatures increase the freezing rate and 
help avoid agglomeration. Freeze drying is also distinguished by the fact that ice sublimates 
at a pressure considerably lower than the triple point of water, which minimizes the fiber-
fiber agglomeration during the drying stage. Freeze drying was shown to generate “friable 
aggregates with a small bulk density of 0.00175 g/cm2, large specific surface area and 
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sufficient biodegradability”—all desired properties for nanocellulose applied industrially 
(Voronova 2012). Unfortunately, the large cost of liquid nitrogen as a consumable, and the 
capital investment required for industrial scale freeze drying, limits the utility of this 
technique.  
Lavoine et al. employed a pre-treatment process in the drying of nanofibrillated 
cellulose. Water-soluble polymers were added in an attempt to maintain the desired nano-
scale morphology. Additives included hemicellulose, sodium carboxymethyl cellulose, 
sodium polyacrylate, and a cationic polyacrylamide derivative (Lavoine 2012). However, 
pre-treatment with these additives was shown to be too expensive and impractical for 
industrial application because of negative side effects which alter the desirable properties 
of nanocellulose. Separately, Eichhorn et al. considered treatment of nanocellulose slurries 
with a cationic surfactant in an effort to improve fiber dispersion during the production of 
nanocomposites: “[I]t is possible to coat the surface of nanofibres with a surfactant” 
(Eichhorn 2009). However, this technique was dismissed because it was shown to reduce 
the mechanical strength of the fibers. 
When used as additives, surface active agents, or surfactants, result in 
nanocrystalline self-assembly after the removal of water from NCC dispersions. The 
adsorption of a surfactant on a cellulose surface is classified as self-assembly (Alili 2007 
via Beaupré 2012). During self-assembly, nanocellulose adopts a crystalline configuration 
to minimize electrostatic interactions (Habibi 2010). In fact, the surface of a thin layer of a 
nanocellulose suspension assumes “an equilibrium state in which the overall surface energy 
is the lowest” (Pakowski 2006). As water is removed from the surface, new surface 
configurations emerge as a result of this self-assembly process. Migration and adsorption 
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of surfactants into aqueous cellulose suspensions has been shown to reduce the surface 
tension at the air-water interface and to reduce the contact angle of water on the fiber 
surface (Beaupré 2012). The reduction of these two parameters increases the ease of 
dewatering. The addition of surfactants to nanocellulose is anticipated to result in similar 
behavior, and is therefore a potential drying technique for nanocellulose.  
Beaupré observed enhanced dewatering of pulp slurries after applying the cationic 
surfactant cetyltrimethylammonium bromide (CTAB). CTAB was chosen “due to its 
known adsorption on cellulose, the extensive body of literature that exists on its colloidal 
and interfacial behavior, and its ready availability” (Beaupré 2012). Figure 3 depicts the 
chemical structure of CTAB.  
 
 
Figure 3: The chemical structure of cetyltrimethylammonium bromide (Beaupré 2012) 
 
Beaupré added CTAB to an aqueous pulp slurry before centrifuging to mimic the 
pressing operation during papermaking and then oven dried to determine a water retention 
value. CTAB was shown to significantly decrease the water retention value when compared 
to dried pads that had not been treated. Using similar techniques, CTAB could be added to 
nanocellulose before water removal and oven drying. Beaupré’s novel dewatering process 
led to bulking of the fiber sheet: although this is a negative effect for paper markets, it 
would be desirous when drying nanocellulose. Fiber bulking results from inhibition of 
fiber-fiber bonding. By applying CTAB to an aqueous pulp suspension, approximately 60% 
of the surface hydroxyl groups become masked by the surfactant, thereby decreasing fiber 
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agglomeration. In addition, the fiber surface becomes cationically charged and an 
electrostatic repulsion induces fiber-fiber repulsion. In this way Beaupré’s work motivated 
the application of CTAB to the drying process of nanocellulose. 
 
Chapter Two: Methods and Results 
 
2.1 Experimental Methods and Materials 
 
 Preliminary research to determine the effectiveness of cationic surfactant addition 
on nanocellulose drying was conducted over the summer of 2012, under the direction of 
Beaupré. The scope of the study was later expanded by the present author to include a 
literature review and experimental optimization of the dispersion process during the spring 
of 2013. Nanocellulose was provided by the Japanese company DAICEL—an NFC—at 
approximately twenty-seven weight percent. Preliminary work demonstrated that the 
introduction of a cationic surfactant into the aqueous nanocellulose slurry yielded a 
chemical dewatering effect similar to that in papermaking, as shown by Beaupré. 
For the expanded study beginning during the spring of 2013, aqueous suspensions 
were prepared by mixing ten grams of 27 wt% DAICEL nanocellulose with 100 mL of 18.2 
MΩ·cm water.  If dosing was desired, the surfactant was added as a solid prior to the 
addition of water. Mixing was performed by a blender (Osterizer BCB608-C) at the lowest 
energy setting (“Purree”) and with a “milkshake” blade that lacks cutting action for thirty 
seconds. After blending, the water was removed from the nanocellulose slurry to mimic an 
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industrially dried product. The slurry was poured over filter paper (Whatman 42) in a 
Buchner funnel, on a vacuum system. After 15 min, the filter paper and drained pad were 
removed from the vacuum. The pad was separated from the filter paper; it was subsequently 
dried in an oven at 110ºC overnight. 
 Redispersion was accomplished by breaking the dried pads into pieces of 
approximately 25 mm2 and adding 100 mL of 18.2 MΩ·cm water. The slurry was allowed 
to equilibrate for 5 min prior to blending. Particle sizing proved challenging due to 
difficulty with long-time stability of the dispersion. Other researchers have experienced a 
similar challenge: “Long time settling of the prepared nanofibrillated cellulose suspensions 
at room temperature precipitated the large particles to the bottom, indicating that the NFC 
suspension is not thermodynamically stable” (Peng 2011). Figure 4 shows a redispersed 
nanocellulose slurry prepared with 5 wt% CTAB compared to a nanocellulose slurry 
prepared with 0 wt% CTAB that did not result in redispersion. It is evident from inspection 
of Figure 4 that fibers precipitate out of solution upon redispersion. The foaming occurred 
due to the presence of CTAB in solution. 
 
   
Figure 4: Redispersion of nanocellulose slurry prepared at (a) 0 wt% CTAB and (b) 5 wt% CTAB 
 
 
(a) (b) 
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Precipitation prevents the accurate measurement of particle size. Indeed to date, neither 
dynamic light scattering nor zeta sizing have proven successful tools for particle sizing. 
Laser diffraction has, however, been effective. 
 
2.2 Results 
 
 In order to analyze the effect of CTAB addition on nanocellulose aggregation, 
measurements were performed at three different stages of the procedure: 
(1) Dispersed Stage 
(2) Dried Stage 
(3) Redispersed Stage 
 
2.2-1 Fiber Streaming Potential and Total Fiber Charge 
 
 
Fiber streaming potential was measured for both dispersed and redispersed samples. 
Measurements were performed once by a Mütek Particle Charge Detector PCD-03 in 
volumes of 10 mL. During the measurement, a piston creates an AC current between two 
electrodes contained in the measuring cell wall. Charged material adsorbed to the cell wall 
is separated from its counter-ions by the piston-induced flow to initiate a streaming 
current—the streaming potential value.  
As expected for cellulose slurries (Beaupré 2012), the streaming potential values of 
control samples without any surfactant treatment were negative at approximately -350 mV, 
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while the addition of CTAB induced a positive streaming potential value of approximately 
600 mV (Figure 5). The redispersed samples that had been dosed with CTAB, dried, 
rewetted, and agitated retained streaming potential values that were within ± 10 mV of their 
respective dispersed sample streaming potential values. The control redispersed sample 
had a streaming potential value that was 180 mV higher than the dispersed control sample.  
 
Figure 5: Streaming potential values of nanocellulose slurries with varying levels of CTAB dosage 
 
It may be concluded from Figure 5 that the CTAB treated nanocellulose slurries retained 
the streaming potential of the dispersed slurry upon redispersion. The untreated control 
slurry, however, did not. 
The Mütek Particle Charge Detector PCD-03 enables the detection of a total surface 
charge of the fiber by the use of two polyelectrolyte titrants, cationic 0.001N poly-
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diallyldimethylammonium (poly-DADMAC) chloride and anionic 0.001N poly-
vinylsulfate (PVSK), both by BTG. Data collected by Beaupré demonstrated that the 
cellulose fiber surface was charge reversed from negative to positive after the application 
of CTAB. Figure 6 demonstrates that a similar effect was observed for nanocellulose. 
 
Figure 6: Charge data for redispersed nanocellulose with and without CTAB dosing 
 
There is a charge reversal when CTAB is introduced to the nanocellulose slurries, similar 
to the charge reversal observed when CTAB was introduced to cellulose slurries by 
Beaupré. CTAB reversed the original negative charge of the samples by “occupying anionic 
sites and over-dosing the system” (Beaupré 2012). It is important to study these 
parameters—fiber streaming potential and total fiber charge—in order to understand the 
chemical modification CTAB makes on the surface of the nanocellulose fiber once it is 
added to the slurry. A clear charge reversal is evidence that CTAB is adsorbed directly onto 
the surface of the fiber when it is dispersed into a nanocellulose slurry. 
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2.2-2 pH 
 
The pH of the nanocellulose slurries was monitored to determine the effect, if any, arising 
from dosing with the cationic surfactant. The pH was tested with a Fisher Scientific 
Accumet AP110 portable pH meter equipped with a plastic bodied refillable electrode. A 
noticeable decrease in pH was observed with increasing CTAB dosing, although no trend 
between the dispersed and redispersed samples was evident in the data seen in Figure 7.  
 
 
Figure 7: pH of Nanocellulose slurries with increasing CTAB dosage 
 
An examination of Figure 7 reveals no noticeable trend in pH as CTAB dosage increases, 
although there is a drop in pH by approximately 1.3 when CTAB is added to the 
nanocellulose slurry, in both the dispersed and redispersed stages. It is hypothesized that 
this drop in alkalinity it caused by CTAB masking hydroxyl groups. Further testing should 
be done to confirm this trend and to decrease the standard deviation between samples. 
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2.2-3 Scanning Electron Microscopy 
 
Scanning electron microscopy (SEM) was employed to qualitatively assess fiber 
packing in dried nanocellulose pads. After sputter-coating the dried pads with gold and 
submitting samples to a vacuum, an AMR 1820 (AMRay Co.) scanning electron 
microscope with an accelerating voltage of 10 kV was applied to obtain micrographs.  
 
 
Figure 8: SEM Image of dried nanocellulose pad (control sample) 
 
A scanning electron micrograph of a control pad, untreated with surfactant, displays a 
tightly packed, nonporous structure (Figure 8). The tight fiber packing is attributed to 
extensive agglomeration of fibers during drying. 
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As the concentration of surfactant increased, the dried nanocellulose pads exhibited 
a more open and visually “fluffier” assembly—see Figure 9 for scanning electron 
micrographs of dried nanocellulose pads with CTAB dosages of 2.5, 5, 7.5, and 10 wt%. 
 
  
 
  
Figure 9: SEM images of dried nanocellulose pads with (a) 2.5 wt% CTAB, (b) 5 wt% CTAB, (c) 7.5 wt% 
CTAB, and (d) 10 wt% CTAB at 3μm resolution 
 
Smaller fibers appear in the SEM images as CTAB dosage increases. Comparison of Figure 
8 and Figure 9 visually confirms that the addition of CTAB reduces fiber-fiber bonding 
upon drying of the nanocellulose slurries.  
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2.2-4 Brunauer-Emmett-Teller Isotherms 
 
Since SEM was a qualitative measure of fiber packing, a more quantitative 
approach was desired. Measurement of available surface area is a direct means of 
quantifying the degree of fiber agglomeration. Mercury porosimetry was initially 
performed using a Micromeritics AutoPore IV system to determine the available surface 
area of dried nanocellulose pads; however, the surface area was outside the range of the 
test. Consequently, nitrogen sorption isotherms were collected using a Micromeritics 
ASAP-2020 instrument to measure the surface area of dried nanocellulose pads with and 
without CTAB dosing. If nanocellulose were completely nonaggregated, it would have an 
estimated surface area of 109 m2/g (Appendix I). Equation 1 gives the BET isotherm for 
multilayer physical adsorption, where v is the gas volume adsorbed per gram of adsorbent 
(cm3/g), P is the pressure at which the experiment is conducted, P* is the vapor pressure 
of the adsorbate at liquid nitrogen temperature, vmon is the gas volume corresponding to a 
monolayer, and c is a fixed constant at the given temperature (Levine 2008). 
 
𝑃
𝑣(𝑃∗ −𝑃)
=
1
𝑣𝑚𝑜𝑛 ∗ 𝑐
+
𝑐 − 1
𝑣𝑚𝑜𝑛 ∗ 𝑐
∗
𝑃
𝑃∗
 
Equation 1: Brunauer-Emmett-Teller isotherm for monolayer adsorption 
 
The constants c and vmon can be calculated from the slope and intercept of a plot of 
𝑃
𝑣(𝑃∗−𝑃)
 
versus relative pressure, 
𝑃
𝑃∗
 (Levine 2008). The gas used for adsorptive analysis of 
nanocellulose was nitrogen. Prior to analysis the samples were dried and degassed under 
vacuum on the degas port of the analyzer at 120 °C for 8 hr, conditions that were shown in 
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preliminary experiments to maximize the BET surface area. Isotherms were measured for 
a relative pressure range of 0.025 to 0.45; however, specific surface area was calculated 
using the adsorption branch of the nitrogen sorption isotherm in the relative pressure range 
between 0.05 and 0.30.  
The parameter c was 140 for 1 wt% CTAB and 80 for 5 wt% CTAB. The constant 
vmon was 0.41 cm
3/g for 1 wt% CTAB and 0.61 cm3/gm for 5 wt% CTAB. Once vmon is 
known, then so is the number of molecules needed to form a monolayer. A summary of the 
BET results may be found in Table 1. Dried nanocellulose untreated with CTAB was found 
to have a surface area of 1.16 m2/g. The surface area of a dried 1 wt% CTAB treated 
nanocellulose pad was determined to be 1.77 ± 0.03 m2/g, and a 5 wt% CTAB treated 
nanocellulose pad was found to be a surface area of 2.65 ± 0.02 m2/g. It is evident from 
this study that the addition of CTAB does indeed increase available surface area in dried 
nanocellulose samples, consistent with decreased extent of aggregation in treated pads. 
Further, increased dosage of surfactant results in progressively larger available surface 
areas. 
Sample 
Surface 
Area 
(m2/gm) 
Parameter c 
vmon  
(cm3/g STP) 
Control 1.16 n/a n/a 
1.0 wt% CTAB 1.77 ± 0.03 140 0.41 
2.5 wt% CTAB 2.50 ± 0.01 63 0.57 
5.0 wt% CTAB 2.65 ± 0.02 80 0.61 
7.5 wt% CTAB 3.11 ± 0.02 61 0.71 
10 wt% CTAB 3.32 ± 0.02 55 0.76 
Table 1: BET data for dried nanocellulose pads with increasing CTAB Dosage 
 
This increased surface area is evidence that the surfactant successfully reduces fiber 
agglomeration upon drying.  
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2.2-5 Particle Size Determination 
 
The particle size distribution of both dispersed and redispersed nanocellulose 
slurries was determined employing a Morphologi G3S system (Malvern, UK). In 
preparation for measurement by the Mastersizer Hydro 2000s (Malvern), samples were 
diluted with deionized water and mixed with a Speed Mixer (Flack Tek, US) at 2000 rpm 
for two minutes. After flushing the system with deionized water three times, the instrument 
was aligned, and the sample was introduced at 2100 rpm of the instrument’s pump with 
ultrasound mixing set at 20% of full capacity. Measurements were replicated five times.  
Particle size distributions were typically bi- or tri-modal. Figure 10 presents the 
dispersed and redispersed particle size distribution for a control sample (0 wt% CTAB).  
The control dispersed distribution features two peaks, a broad peak centered at 
approximately 80 μm and a smaller peak at 400 μm, while the control redispersed 
distribution contains a single peak at approximately 400 μm. 
 
 
Figure 10: Comparison of dispersed and redispersed nanocellulose particle size distributions 
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Comparing the cumulative probability distributions with a Kolmogorov-Smirnov test 
determined that the dispersed and redispersed nanocellulose particle size distributions 
differ with 99.9% certainty. Failure of the redispersed nanocellulose sample to regain the 
particle size distribution of the dispersed stage after being dried highlights the need for a 
water removal technique which does not result in fiber agglomeration and which therefore 
maintains the original fiber characteristics. Figure 11 presents particle size distribution data 
for 10 wt% CTAB treated samples in the dispersed and redispersed stages. 
Figure 11: The effect of CTAB on the particle size distribution of nanocellulose slurries 
 
It is evident from Figure 11 that the addition of CTAB resulted in a particle size 
distribution closer to the original particle size distribution, as desired, after drying. Indeed, 
a Kolmogorov-Smirnov test failed to reject the null hypothesis that the 10 wt% CTAB 
dispersed and redispersed particle size distributions come from the same distribution with 
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90% certainty. In other words, dosing a nanocellulose slurry with 10 wt% CTAB prior to 
drying yielded a rehydrated nanocellulose slurry that regained the characteristics of the 
original, never-dried nanocellulose. A summary of the Kolmogorov-Smirnov tests 
comparing the dispersed and redispersed cumulative particle size distributions is expressed 
in Table 3.  
Dosage level (wt% CTAB) 0 2.5 5.0 7.5 10 
Kolmogorov-Smirnov statistic Dn,n’ 0.62 0.47 0.28 0.28 0.25 
𝒄(𝜶)√
𝟒𝟎 + 𝟒𝟎
𝟒𝟎 ∗ 𝟒𝟎
 
α = 0.001 0.44 0.44    
α = 0.1   0.27 0.27 0.27 
Reject null hypothesis  
(if Dn,n’ > 𝒄(𝜶)√
𝟒𝟎+𝟒𝟎
𝟒𝟎∗𝟒𝟎
)? 
Yes Yes Yes Yes No 
Table 3: Kolmogorov-Smirnov comparison of dispersed and redispersed nanocellulose cumulative particle 
size distributions at CTAB dosages of 0, 2.5, 5.0, 7.5, and 10 wt% 
 
The dispersed samples were expected to have similar particle size distributions, 
regardless of CTAB dosage. In fact, a Kolmogorov-Smirnov test failed to reject the null 
hypothesis that the 0 and 10 wt% CTAB dispersed particle size distributions came from the 
same distribution with 90% certainty. This was true for all the dosed samples, as shown by 
Table 4.  
 
Dosage level (wt% CTAB) 2.5 5.0 7.5 10 
Kolmogorov-Smirnov statistic Dn,n’ 0.14 0.06 0.09 0.04 
𝒄(𝜶 = 𝟎. 𝟏)√
𝟒𝟎 + 𝟒𝟎
𝟒𝟎 ∗ 𝟒𝟎
 0.27 
Reject null hypothesis  
(if Dn,n’ > 𝒄(𝜶)√
𝟒𝟎+𝟒𝟎
𝟒𝟎∗𝟒𝟎
)? 
No No No No 
Table 4: Kolmogorov-Smirnov comparison of dispersed nanocellulose cumulative particle size distributions 
at CTAB dosages of 2.5, 5.0, 7.5, and 10 wt% to the dispersed nanocellulose cumulative particle size 
distribution without CTAB dosage 
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It is important to note that the redispersed samples had much greater standard 
deviation than the dispersed samples due to difficulty with achieving a uniform redispersed 
slurry via blending in the Osterizer BCB608-C. However, increasing CTAB dosage 
significantly reduced the standard deviation of the particle size distributions for redispersed 
samples. In fact, the standard deviations of the control redispersed sample’s three peaks 
were 25, 157, and 256 μm, while the standard deviations of the 10 wt% CTAB treated 
redispersed sample’s three peaks were only 1, 19, and 278 μm. These results indicate that 
the addition of CTAB allows for dried nanocellulose pads to be more easily rehydrated, 
resulting in a more uniform redispersed slurry.  
   
2.2-6 Recovery of CTAB 
 
A novel method of recovering CTAB from treated and dried nanocellulose pads 
prior to redispersion was explored in order to evaluate recycling of the surfactant and 
thereby positively impact the economics of the process. Due to their amphiphilic nature, 
surfactants are potentially soluble in both water and organic solvents. Therefore, dried pads 
were soaked in two representative organic solvents, ethanol and hexane. Inside a fume 
hood, the dried pad was placed in a petri dish, and the solvent was poured into the dish, 
such that the pad was completely submerged. The pad was left to soak for 30 min before it 
was removed from the dish and the solvent allowed to evaporate.  
Post ethanol evaporation, a ring of white powder was observed on the bottom of the 
petri dish, indicating that CTAB was removed from the surface of the fibers (Figure 12a). 
Post hexane evaporation, no residue was observed in the petri dish, suggesting that hexane 
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was not successful in removing CTAB from the surface of the fibers (Figure 12b). Infrared 
spectroscopy has not yet confirmed that the white powder observed on the ethanol petri 
dish was indeed CTAB, however it is deemed highly likely that it is.  
                       
Figure 12a: Evidence of CTAB removal              Figure 12b: Hexane failure to remove CTAB  
            after ethanol evaporation   
   
        
BET adsorption was employed to determine the surface area of the ethanol and hexane 
soaked pads. The surface area of a 1 wt% CTAB dried nanocellulose pad that had been 
soaked in ethanol was determined to be 5.98 m2/g, while the surface area of 5 wt% CTAB 
treated pad was found to be 12.61 m2/g.  Using BET adsorption data, Table 5 compares the 
effect of a solvent soak to untreated dried pads.  
Measurement Untreated 
1 wt% CTAB 5 wt% CTAB 
No Soak 
With 
EtOH 
With 
Hexane 
No Soak 
With 
EtOH 
With 
Hexane 
Surface Area 
(m2/g) 
1.16 1.77±.03 5.98±.02 1.84±.03 2.65±.02 12.61±.03 3.63±.02 
Parameter c n/a 140 81 -13166 80 64 41 
Vmon 
 (cm3/g STP) 
n/a 0.41 1.37 0.42 0.61 2.90 0.83 
Table 5: Summary of BET adsorption isotherm data collected on treated and untreated dried nanocellulose 
 
BET adsorption data supported the conclusion that hexane was not able to remove 
CTAB from the surface of the nanocellulose fibers. It is evident from Table 5 that the BET 
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surface area increased by a factor of approximately 4 after soaking in ethanol. Thus, ethanol 
is the chosen solvent for CTAB recovery. A more thorough examination of the increased 
surface area in the dried stage as a result of the ethanol soak is summarized in Table 6.  
 
Sample 
Untreated Pad Ethanol Soaked Pad 
Surface 
Area 
(m2/gm) 
Parameter c 
vmon  
(cm3/g 
STP) 
Surface Area 
(m2/gm) Parameter c 
vmon  
(cm3/g STP) 
Control 1.16 n/a n/a 5.78 ± 0.01 119 1.33 
1.0 wt% CTAB 1.77 ± 0.03 140 0.41 5.98 ± 0.02 81 1.37 
2.5 wt% CTAB 2.50 ± 0.01 63 0.57 2.30 ± 0.02 78 0.53 
5.0 wt% CTAB 2.65 ± 0.02 80 0.61 13.21 ± 0.03 75 3.03 
7.5 wt% CTAB 3.11 ± 0.02 61 0.71 4.38 ± 0.03 100 1.01 
10 wt% CTAB 3.32 ± 0.02 55 0.76 13.29 ± 0.03 82 3.05 
Table 6: BET data showing increased surface area with ethanol soak 
 
Investigation of Table 6 reveals that soaking the dried nanocellulose pads in ethanol to 
recover CTAB from the fiber surface actually increases the available surface area of the 
pads—both in the pads with and without CTAB. However, there are two data points which 
should be retested since they do not follow the generally observed trend: the 5.0 and 7.5 
wt% CTAB treated pads do not increase in surface area.  
The extent of CTAB recovery using the organic solvent ethanol was determined to 
be approximately 62% (Appendix I). It is hypothesized that further recovery may be 
achieved with a series of solvent extractions or with agitation. In fact, preliminary testing 
demonstrated that the petri dish of ethanol becomes saturated with CTAB after the 30-
minute interval allotted for the solvent soak, but if the dried pad is allowed to soak in a 
secondary petri dish of ethanol, then CTAB continues to be recovered.  
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2.2-7 Optimizing the Redispersion Process 
 
All of the previous results indicate that the addition of CTAB in the aqueous phase 
aided in the maintenance of nano-scale morphology of nanocellulose after drying. It is 
evident however that both the initial mixing of CTAB with the nanocellulose slurry and the 
redispersion phase of dried nanocellulose are crucial elements of nanocellulose production. 
As such, an examination of the dispersion and redispersion processes was undertaken. A 
summer NSF-REU student, Sebastián Quevedo, explored the effects of mixing prior to 
drying and rehydration on particle size. It was anticipated that mechanical mixing during 
dispersion would aid in breaking down nanocellulose aggregates as CTAB was being added 
to the aqueous slurry.  
Eight dried pads were prepared with varying levels of CTAB addition over a range 
of mixing intensities. The first three pads were prepared at five weight percent surfactant 
dosage in 18.2 MΩ·cm water with a magnetic stirrer for three minutes, prior to the addition 
of CTAB solution to a blender which contained 10 g of 27 wt% DEICEL nanocellulose. 
Mixing was then performed in the blender at one of three different settings for 45 s each, 
listed from least to most energy intensive: (1) “Liquefy,” (2) “Smoothie,” and (3) “Mix.” 
After blending, the slurry was vacuum filtered from a 2.5 μm particle retention level filter 
paper (Whatman 42) in a Buchner funnel for 15 minutes. The pad was then separated from 
the filter paper and oven dried at 110°C overnight. A similar technique was used to prepare 
three 10% CTAB sample pads.  
Finally, two more pads were made by Quevedo to simulate the current industrial 
process conditions. Specifically, 10 g of 27 wt% DEICEL nanocellulose was blended with 
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500 mL of tap water for two minutes on the lowest energy setting. The resulting solution 
was subsequently heated to 40°C, poured back into the blender along with a surfactant 
solution (0.273 g of CTAB in 30 mL of 18.2 MΩ·cm water), mixed at the lowest energy 
setting for 45 s, and vacuum filtered as per the other samples. One of these two pads was 
oven dried overnight at 110°C, while the other pad was freeze dried. Freeze drying served 
to compare the effect of drying method on redispersion; freeze drying was performed using 
liquid nitrogen at -196°C to freeze the pad, subsequently the freeze-dried water was 
sublimed at 250 μbar for 16 hours.  
All nine dried pads, including a control with no CTAB addition, were redispersed 
in the following manner: 1.5 g of dried pad was mixed with 200 mL of 18.2 MΩ·cm water 
in the blender at two different settings—Puree and Mix—for 30 s each. The particle size 
distribution of each sample was then determined with the Morphologi G3S system 
(Malvern, UK). Figures 13 and 14 present Quevedo’s results for the particle size cut off at 
which 70% of the total amount of particles measured were found to be below.  
        
Figure 13: Particle size measurement using       Figure 14: Particle size measurement using 
“Puree” setting for redispersion       “Mix” setting for redispersion 
 
It is evident from examination of Figures 13 and 14 that the average particle size decreases 
from the control pad to the never-dried nanocellulose, which was expected. Further, it may 
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be seen that the particle size of the redispersed 10 wt% CTAB treated pads were closer than 
the 5 wt% CTAB treated pads to achieving an average particle size of never-dried 
nanocellulose.  
In order to compare the effect of the two redispersion mixing energies on particle 
size distribution, Figure 15 plots the effect of redispersion energy on particle size. 
 
Figure 15: Effect of Mixing Energy on Particle Size Measurement (μm) 
 
At 0 and 5 wt% CTAB dosage, increasing the redispersion energy from “Puree” to “Mix” 
decreased the average particle size of the redispersed slurries by approximately 246 μm. 
However, for 10 wt% CTAB dosage, an increase in redispersion energy did not result in a 
significant decrease in the average particle size. These results suggest that increasing the 
concentration of surfactant minimizes the amount of energy required during redispersion.  
 The two sample pads that were prepared to simulate industrial operations were also 
analyzed. Both the oven-dried and the freeze-dried nanocellulose pads resembled the 
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particle size measurement of never-dried nanocellulose more than they did the control 
particle size measurement (Figure 16).  
 
Figure 16: Comparison of redispersion of oven-dried to freeze-dried nanocellulose pads prepared with 10 
wt% CTAB 
 
Although there is a difference in average particle size between the oven-dried and freeze-
dried redispersed samples treated with 10 wt% CTAB, increasing mixing power did not 
have as great of an effect on either of these two samples as it does on the control sample. 
The results of Figure 16 suggest that drying method has negligible influence on the energy 
required for redispersion of CTAB treated samples. 
 Quevedo was able to conclude that not only is the impact of mixing energy on 
particle size diminished when using 10 wt% CTAB, but also that the particle size 
distribution becomes more similar to the never-dried nanocellulose. Figure 17 summarizes 
these important results.  
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Figure 17: The effect of CTAB concentration and mixing energy on redispersion of nanocellulose pads 
prepared with 0, 5, and 10 wt% CTAB 
 
An optimum ratio of surfactant dosage to nanocellulose is yet to be found, although the 
reduction of energy input during redispersion is a significant discovery for this project.  
 
2.2-8 Water Absorption 
 
An additional analysis that Quevedo performed was water absorption by dried 
nanocellulose pads. Approximately 0.5 g of a dried nanocellulose pad was submerged in 
45 mL of water for 15 minutes. As an absorption reference, a paper towel (TORK Universal 
MK520A), filter paper (Whatman 42), and task wipers (Kimwipes 280) were submerged 
separately using the same procedure. As a control, one petri dish was filled with 45 mL of 
water and left for the 15 min interval to account for the amount of water that evaporated 
during the absorption test. Upon sample removal, the mass of water absorbed by each 
sample was measured immediately after the 15 min time interval. 
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Figure 18 presents data from the water absorption test of nanocellulose pads as a 
function of CTAB dosage and of the amount of energy employed to disperse the 
nanocellulose.  
 
Figure 18: Results of water absorption test 
 
The test suggests that absorption is optimized by the lowest energy setting used to disperse 
the surfactant in the nanocellulose slurry. This test highlights the importance of the 
dispersion stage, as well as the effect mixing has on properties during later stages of 
nanocellulose testing.   
 
2.2-9 The effect of temperature on redispersion 
 
To address potential industrial use of the present technology, the effect of 
temperature on redispersion was explored in order to simulate industrial process conditions 
during nanocellulose production. Samples were prepared with 120°F 18.2 MΩ·cm water, 
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rather than ambient temperature water, during dispersion. Physical properties of the 
nanocellulose samples prepared with heated water in the dispersed, dried, and redispersed 
stages were compared to those of nanocellulose samples prepared at ambient temperature. 
Particle charge, pH, SEM, BET isotherms, and laser diffraction measurements were 
performed.  
 
 
Figure 19: Streaming potential values of nanocellulose slurries prepared with ambient and 120°F water 
 
Figure 19 is a plot of streaming potential versus CTAB dosage for nanocellulose slurries 
prepared with ambient and 120°F water in both dispersed and redispersed stages. It is 
evident from investigation of Figure 19 that the dispersed samples have streaming 
potentials that are invariant with the temperature of the water used to make the slurries. 
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However, the heated redispersed samples that were treated with surfactant at concentrations 
of 2.5 and 5 wt% CTAB dosage had streaming potential values 150 and 85 mV lower, 
respectively, than the dispersed nanocellulose slurries prepared with both heated and non-
heated water at the same CTAB concentrations.  
 The pH of dispersed and redispersed samples at both ambient and 120°F are plotted 
in Figure 20 as a function of CTAB dosage. 
 
Figure 20: pH of nanocellulose slurries prepared with ambient and 120°F water 
 
Investigation of Figure 20 reveals that comparable trends exist for the pH of the dispersed 
and redispersed slurries with ambient and 120°F temperatures as a function of CTAB 
dosage. For both sets of samples, the pH decreases as surfactant concentration increases.  
 Scanning electron micrographs (Figure 21) revealed that there was little change in 
fiber packing in the dried nanocellulose pads prepared with 120°F water as CTAB 
concentration increased. This trend was opposite to that observed for pads prepared with 
ambient temperature water. 
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Figure 21: SEM images for nanocellulose pads prepared with 120 °F water and dosed with (a) 2.5 wt% 
CTAB, (b) 5 wt% CTAB, (c) 7.5 wt% CTAB, and (d) 10 wt% CTAB at 3μm resolution 
 
Comparison of Figure 21 and Figure 9 suggests that fiber agglomeration is more 
pronounced in pads prepared with 120°F water for each CTAB dosage in comparison to 
pads prepared with ambient temperature water. BET isotherms were collected to quantify 
the impact of the temperature of the water employed to prepare the nanocellulose slurry on 
the surface area of treated pads (Table 7).  
Sample 
Dried Nanocellulose Pad 
Prepared with Ambient 
Temperature Water 
Dried Nanocellulose Pad Prepared with 
120°F Water 
Surface 
Area (m2/g) 
Parame
ter c 
vmon 
(cm3/g 
STP) 
Surface 
Area (m2/g) 
Parameter 
c 
vmon 
(cm3/g 
STP) 
2.5 wt% CTAB 2.50 ± 0.01 63 0.57 1.26 ± 0.03 -76.7 0.29 
5.0 wt% CTAB 2.65 ± 0.02 80 0.61 2.24 ± 0.02 55 0.52 
7.5 wt% CTAB 3.11 ± 0.02 61 0.71 2.78 ± 0.02 47 0.64 
10 wt% CTAB 3.32 ± 0.02 55 0.76 3.09 ± 0.03 39 0.71 
Table 7: BET isotherm data for nanocellulose pads prepared with ambient and 120°F water 
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The results of the BET analysis confirm the trend observed in the scanning electron 
micrographs that higher temperatures hinder the surfactant’s ability to reduce fiber 
agglomeration in dried nanocellulose pads. For example, the surface area of the 2.5 wt% 
CTAB treated pad is reduced by half—1.24 m2/g—when the sample is dispersed with 
120°C as opposed to ambient temperature 18.2 MΩ·cm water. The negative impact of 
increasing dispersion water temperature was dramatically reduced as surfactant 
concentration increased; the surface area of the 10 wt% CTAB treated pad was only 
reduced by seven percent—0.23 m2/g—when the sample was dispersed with heated water 
rather than ambient temperature water. 
 Nanocellulose particle size distributions were measured to determine if temperature 
of the water employed to prepare the nanocellulose slurries had a negative effect on 
redispersion. Figure 22 presents a comparison of the particle size distribution between the 
ambient temperature and 120°F nanocellulose slurries. The particle size distributions of 
dispersed and redispersed nanocellulose slurries that were not treated with CTAB are also 
included for comparison.  
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Figure 22: Effect of CTAB and temperature of the water employed to prepare a nanocellulose slurry on the 
particle size distribution of nanocellulose slurries 
 
It is evident from investigation of Figure 22 that the samples prepared with 120°F water 
are shifted to a larger particle size than the ambient temperature samples. The results 
summarized by Figure 22, as well as the scanning electron micrographs and BET analysis, 
suggest that temperature promotes fiber agglomeration. It is hypothesized that CTAB is 
more soluble in water at higher temperatures. Therefore, at increased water temperatures, 
the driving force for adsorption of CTAB onto the nanocellulose fibers is lessened, resulting 
in more CTAB in solution and less CTAB on the surface of the fiber. Hence, the decreased 
performance of the CTAB treatment with 120°F dispersion water. 
 A comparison of the dispersed and redispersed cumulative probability distributions 
for the samples of nanocellulose prepared with 120°F water was performed with a 
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Kolmogorov-Smirnov test for varying levels of CTAB dosage. Table 7 summarizes these 
results. 
Dosage level (wt% CTAB) 0 2.5 5.0 7.5 10 
Kolmogorov-Smirnov statistic Dn,n’ 0.62 0.31 0.23 0.43 0.46 
𝒄(𝜶)√
𝟒𝟎 + 𝟒𝟎
𝟒𝟎 ∗ 𝟒𝟎
 
α = 0.001 0.44    0.44 
α = 0.005    0.39  
α = 0.05  0.30    
α = 0.1   0.27   
Reject null hypothesis  
(if Dn,n’ > 𝒄(𝜶)√
𝟒𝟎+𝟒𝟎
𝟒𝟎∗𝟒𝟎
)? 
Yes Yes No Yes Yes 
Table 7: Kolmogorov-Smirnov comparison of dispersed and redispersed nanocellulose cumulative particle 
size distributions at CTAB dosages of 0, 2.5, 5.0, 7.5, and 10 wt% prepared with 120°F water 
 
The Kolmogorov-Smirnov analysis determined that the dispersed and redispersed 
nanocellulose particle size distributions differed with 99.9% certainty for 0 and 10 wt% 
CTAB, differed with 95% certainty for 2.5 wt% CTAB, and differed with 99.5% certainty 
for 7.5 wt% CTAB. Only the 5.0 wt% CTAB samples failed to reject the null hypothesis 
that the dispersed and redispersed particle size distributions came from the same 
distribution with 90% certainty. Therefore, only the redispersed nanocellulose slurry 
prepared with 120°F water and 5.0 wt% CTAB successfully regained the particle size 
distribution of never-dried nanocellulose.  
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Chapter Three: Conclusions and Future Directions 
 
3.1 Conclusions 
 
 The present work has demonstrated that the addition of CTAB is effective in 
decreasing fiber agglomeration of nanocellulose upon drying. Scanning electron 
microscopy reveals a noticeable change in the structure of dried pads containing CTAB: 
treated pads were much less dense than control pads. Brunauer-Emmett-Teller adsorption 
isotherms indicated a quantitative increase in available surface area of dried pads with 
increasing concentration of surfactant. Particle size distributions revealed that redispersed 
samples display larger particle sizes than dispersed samples, although the presence of 
CTAB reduces this shift towards a less desirable particle size distribution—increasing 
CTAB dosage leads to smaller particle sizes upon redispersion. In addition, treating 
nanocellulose with surfactant reduces the energy required for redispersion. It is concluded 
therefore that the addition of a surfactant allows for the desired nano-scale morphology of 
nanocellulose to be largely retained and not to be lost upon drying of a nanocellulose slurry. 
Conveniently, CTAB may also be recovered with at least 62% efficiency with an ethanol 
soak. 
 
3.2 Recommendations  
 
It will be important to measure the particle size distributions of redispersed 
nanocellulose pads that have been soaked in ethanol. Collecting data using laser diffraction 
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technology will reveal any effect the solvent soak has on the redispersed slurries. The BET 
analysis provided in the current work suggests an increase in available surface area, and 
thus reduced fiber-fiber bonding, subsequent to the solvent soak. Nevertheless, particle size 
measurements would confirm that the redispersion stage of nanocellulose production is not 
negatively affected by the solvent soak. 
It would be useful to collect surface tension data after redispersion because CTAB 
is known to decrease surface tension in cellulose slurries (Beaupré 2012). Samples of 60 
mL of slurry could be separated in an Eppendorf model 5804R centrifuge at 5000 rpm for 
10 minutes in Nalgene centrifuge tubes. Once prepared for testing, a KSV Instruments 
Sigma 70 surface tensiometer would employ a platinum-iridium du Noüy ring to measure 
the surface tension of samples in 10 cm standard dishes.  
Previous research by Beaupré demonstrated a small, but statistically significant, 
reduction in sheet strength with increasing surfactant dosage, attributed to decreased “fiber-
fiber contact.” Therefore, it would be useful to conduct tensile testing on dried 
nanocellulose pads that have been treated with CTAB to compare their tensile index with 
nanocellulose pads that have not been treated with CTAB. 
Additionally, nanocellulose with alternative morphologies to that employed in the 
present work should be tested since the results of the present work only apply to DEICEL 
nanofibrillated cellulose. Other varieties of nanocellulose, such as the cellulose 
nanocrystals (CNC) and cellulose nanofibrils (CNF) that are produced by the UMaine 
Process Development Center, should be tested in a similar manner as the DEICEL 
nanocellulose, as described by the present work. 
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Appendix I: Journal article 
 
Avoiding Aggregation During the Drying and 
Rehydration Phases of Nanocellulose Production 
 
Evelyn Fairman, Sebastián Quevedo, David Neivandt, and James Beaupré 
 
 
Abstract 
 
Nanocellulose has attracted attention from academic researchers and industrial corporations worldwide. It is 
a sustainable raw material with remarkable strength and rheological properties. The industrial production of 
nanocellulose is an aqueous process; however, many of its valuable properties are lost upon water removal. 
Indeed, once dried, nanocellulose irreversibly assembles into a plastic-like material. Currently it is a too 
expensive to transport the aqueous suspensions. In order to mitigate high transportation costs, a method must 
be developed to dry and rehydrate nanocellulose whilst maintaining its nano-morphology. The current work 
demonstrates that the introduction of a cationic surfactant into the aqueous nanocellulose slurry yields a 
chemical dewatering effect similar to that observed in papermaking, weakening the intercellulosic hydrogen 
bonds and allowing for reduced energy requirements during redispersion. Specifically, the current study 
employs cetyltrimethylammonium bromide (CTAB), a cationic surfactant in an effort to rehydrate 
nanocellulose whilst maintaining the desired nano-scale morphology. Fiber size has been characterized in 
both the liquid and solid phases using laser diffraction and scanning electron microscopy (SEM), 
respectively. In addition, it has been demonstrated that recovery of CTAB from dried nanocellulose pads 
may be achieved by soaking dried pads in an organic solvent. The recovery of CTAB will allow for a 
recycling step after the proposed drying process.  
 
 
Evelyn Fairman (evelyn.fairman@umit.maine.edu), Department of Chemical and Biological Engineering, 
University of Maine, Orono, Maine, U.S.A. 
 
Introduction 
 
Cellulose is an abundant, raw material that can 
be harvested from plant matter such as trees, sugar 
cane, rice, or corn. The renewability of cellulose 
makes its use in paper, textiles, packaging, and 
other material industries highly affordable and 
environmentally friendly. Recently, there has 
been a desire to commercialize green composite 
materials which have been derived from cellulose. 
Between 1010 and 1011 tons of cellulose are 
harvested annually worldwide (Lavoine 2012). 
Cellulose is a long-established resource, but 
nanocellulose has its own desirable 
characteristics. 
Nanomaterials have captured the attention of 
scientists and entrepreneurs worldwide. These 
materials have two or more dimensions in the 
range of 1 – 100 nm. Nanotechnology can be 
understood as the study, design, and application 
of materials and systems through the 
manipulation of matter to a nano-scale dimension. 
These nano-scale materials allow for novel 
innovation in a wide range of industrial 
applications. Nanocellulose is one such material. 
With superior thermal and mechanical properties, 
nanocellulose is a sustainable alternative to man-
made reinforcement fibers typically used in 
nanocomposites. 
Nanocellulose can be derived by mechanical, 
chemical, or biological means. Nanofibrillated 
cellulose (NFC), or microfibrillated cellulose 
(MFC), is generated during a homogenization 
process in which a refiner forces a dilute wood 
pulp slurry between grooved rotor and stator disks 
“against which the fibers are subjected to repeated 
cyclic stresses” (Siró 2010). This process splits 
cellulose fiber bundles into individual 
microfibrils until the original fiber has reached 
nano-scale dimensions. The manufacture of MFC 
began in the early 1980s under the direction of 
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Turbak et al. at IIT Rayonnier (Klemm 2011). 
Mechanical fibrillation increases fiber bonding 
potential, an important indication of fiber 
strength, although it is also an energy intensive 
process. It is therefore common for cellulosic 
fibers to undergo chemical pre-treatment before 
mechanical refining, in an effort to reduce the 
energy requirements of mechanical fibrillation. 
Nanocellulose that is derived from chemical 
treatment is referred to as nanocrystalline 
cellulose (NCC), cellulose nanocrystals (CNC), 
or nanocellulose whiskers. During chemical 
treatment, acid hydrolysis dissolves the 
amorphous sections of cellulose fibers and is 
often followed by ultrasonic treatment. This type 
of nanocellulose features certain optical 
properties that make it useful in coating additives, 
security papers, and gas barriers (Klemm 2011).  
Bacterial synthesis of nanocellulose involves 
growing aerobic bacteria in an aqueous nutrient 
media, such that the bacteria secrete a very pure, 
stable cellulose hydrogel. This product of 
biological activity is termed bacterial 
nanocellulose (BNC), bacterial cellulose, 
microbial cellulose, or biocellulose. It has been 
shown that both the source of the original 
cellulose and the process by which nano-scale 
cellulose is generated impact the properties of the 
final material.  
Many industries take advantage of the physical 
properties of nanocellulose, especially its high 
tensile strength. Nanocellulose is also thermally 
stable, hydrophilic, absorbent, and exhibits 
inherent bonding ability (Smook 2002). The 
production of nanocellulose is affordable, 
renewable, and environmentally friendly. Among 
other things, the material is employed in 
polymers, packaging material, sandwich foam 
cores, and aerogels. Nanocellulose can be 
employed as a rheology modifier in foods, paints, 
cosmetics and pharmaceutical products. 
Nanocellulose is also used in nanopaper 
structures, optically transparent and flexible 
composite films, and especially in 
nanocomposites because it considerably improves 
the mechanical properties of such materials 
(Voronova 2012).  
The present work utilizes NFC, which is often 
prepared in highly stable aqueous suspensions. 
The challenge to industry is that there is a well-
documented difficulty in drying nanocellulose 
without it undergoing fiber agglomeration 
(Eichhorn 2009). Indeed, once dried, 
nanocellulose irreversibly assembles into a 
plastic-like material.  As such, many of the 
valuable properties unique to nanocellulose are 
lost upon water removal, thus limiting their 
application.  
Nanocellulose is often employed while 
dispersed as a slurry, immediately after fiber 
preparation, because another challenge to industry 
is the difficulty in storing and transporting the 
aqueous suspensions. In order to mitigate high 
transportation costs, it is necessary to develop a 
method of drying NFC while maintaining nano-
scale morphology (Peng 2011). The manufacture 
and application of nanocellulose on a large scale 
is currently limited without a low intensity drying 
process that allows for redispersion and that does 
not result in agglomeration.  
Addition of a cationic surfactant, 
cetyltrimethylammonium bromide (CTAB) to an 
aqueous cellulose suspensions has been shown to 
reduce the surface tension at the air-water 
interface and the contact angle of water on the 
fiber surface (Beaupré 2012). The reduction of 
these two parameters increases the ease of 
dewatering, as shown by the Young-Laplace 
equation. The addition of surfactants to nano-
scale cellulose is anticipated to result in similar 
behavior, and is therefore a potential drying 
technique for nanocellulose. Beaupré’s novel 
dewatering process did lead to bulking of the fiber 
sheet: although this is a negative effect during 
paper making, it would be desirous when drying 
nanocellulose. Bulking could offset 
agglomeration because it inhibits fiber-fiber 
bonding. In fact, the tendency for cellulose fiber 
agglomeration has been attributed to fiber-fiber 
bonding between surface hydroxyl groups. By 
applying CTAB to an aqueous pulp slurry, 
approximately 60% of the surface hydroxyl 
groups become masked by the surfactant, thereby 
decreasing fiber agglomeration (Beaupré 2012). 
In addition, the fiber surface becomes cationically 
charged and an electrostatic repulsion is induced 
between fibers. 
The present work demonstrates that the 
introduction of a cationic surfactant into an 
aqueous nanocellulose slurry yields a chemical 
dewatering effect similar to that in papermaking, 
weakening the intercellulosic hydrogen bonds and 
allowing for reduced energy requirements during 
redispersion.  
 
Materials and Methods 
 
Materials 
 
Aqueous suspensions were prepared by mixing 
ten grams of 27 wt% solid nanocellulose from the 
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Japanese company DEICEL with 100 mL of 18.2 
MΩ·cm water. If dosing was desired, the 
surfactant CTAB was added as a solid prior to the 
addition of water. Mixing was performed by a 
blender (Osterizer BCB608-C) at the lowest 
energy setting (“Purree”) and with a “milkshake” 
blade that lacks cutting action for thirty seconds. 
 
Fiber Streaming Potential 
 
Fiber charge was measured for both dispersed 
and redispersed samples with a Mütek Particle 
Charge Detector PCD-03. The titrants employed 
were cationic 0.001N poly-DADMAC and 
anionic 0.001N PVSK, both by BTG.  
 
Laser Diffraction 
 
The particle size distribution of both dispersed 
and redispersed nanocellulose slurries were 
generated employing a Morphologi G3S system 
(Malvern, UK). In preparation for measurement 
by the Mastersizer Hydro 2000s (Malvern), 
samples were diluted with deionized water and 
mixed with a Speed Mixer (Flack Tek, US) at 
2000 rpm for two minutes. After flushing the 
system with deionized water three times, the 
instrument was aligned, and the sample was 
introduced at 2100 rpm with ultrasound mixing 
set at 20% of full capacity. Measurements were 
replicated five times. 
 
Preparation of Dried Nanocellulose Pads 
 
After slurry preparation, water was removed 
from the nanocellulose slurry to mimic an 
industrially dried product. The slurry was poured 
over filter paper (Whatman 42) in a Buchner 
funnel, on a vacuum system. After 15 min, the 
filter paper and drained pad were removed from 
the vacuum. The pad was separated from the filter 
paper; it was subsequently dried subsequently in 
an oven at 110°C overnight.  
 
Scanning Electron Microscopy 
 
Scanning electron microscopy (SEM) was 
employed to qualitatively assess fiber packing in 
dried nanocellulose pads. After sputter-coating 
the dried pads with gold and submitting samples 
to a vacuum, an AMR 1820 (AMRay Co.) 
scanning electron microscope with an 
accelerating voltage of 10kV was applied to 
obtain micrographs.  
 
Brunauer-Emmett-Teller Isotherms 
 
Since SEM was a qualitative measure of fiber 
packing, a more quantitative approach was 
desired. Measurement of available surface area is 
a direct means of quantifying the degree of fiber 
agglomeration. Nitrogen sorption isotherms were 
collected using a Micromeritics ASAP-2020 
instrument. Prior to analysis the samples were 
degassed under vacuum at 120 °C for 8 h, 
conditions that were shown in preliminary 
experiments to maximize the BET surface area. 
Isotherms were measured for relative pressures 
ranging from less than 0.025 to 0.45.  Specific 
surface areas were calculated using the adsorption 
branch of the nitrogen sorption isotherm in the 
relative pressure range of 0.05 and 0.30. In this 
way, Brunauer-Emmett-Teller (BET) isotherms 
were generated to measure the surface area of 
dried nanocellulose pads before and after dosing 
with CTAB. 
 
Water Absorption Test 
 
A water adsorption test was performed to 
determine the ability of nanocellulose that had 
been treated with CTAB to absorb water. 
Approximately 0.5 g of a dried nanocellulose pad 
was submerged in 45 mL of water for 15 minutes. 
As an absorption reference, a paper towel (TORK 
Universal MK520A), filter paper (Whatman 42), 
and task wipers (Kimwipes 280) were submerged 
separately using the same procedure. As a control, 
one petri dish was filled with 45 mL of water and 
left for the 15 min interval to account for the 
amount of water that evaporated during the 
adsorption test. Upon sample removal, the mass 
of water absorbed by each sample was measured 
immediately after the 15 min time interval. 
 
Recovery of CTAB 
 
A novel method of recovering CTAB from 
treated and dried nanocellulose pads prior to 
redispersion was explored in order to evaluate 
recycling of the surfactant as well as the possible 
economic improvement to the process. Due to 
their amphiphilic nature, surfactants are 
potentially soluble in both water and organic 
solvents. Therefore, dried pads were soaked in 
two representative organic solvents, ethanol or 
hexane. Inside a fume hood, the dried pad was 
placed in a petri dish, and the solvent was poured 
into the dish, such that the pad was completely 
submerged. The pad was allowed to soak for 30 
min before it was removed from the dish and the 
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solvent allowed to evaporate. The pad was 
subsequently oven dried overnight at 110°C. The 
dried pads that had been soaked with solvent were 
submitted for BET analysis.  
 
Redispersion of dried nanocellulose pads 
 
Redispersion of dried nanocellulose pads was 
accomplished by breaking the dried pads into 
pieces of approximately 25 mm2 and adding 100 
mL of 18.2 MΩ·cm water. The slurry was allowed 
to equilibrate for 5 min prior to blending. 
Blending was necessary to fully disperse the 
sample.  
Particle sizing proved challenging due to 
difficulty with long-time stability of the 
dispersion, a dilemma experienced by other 
researchers: “Long time settling of the prepared 
NFC suspensions at room temperature 
precipitated the large particles to the bottom, 
indicating that the NFC suspension is not 
thermally stable” (Peng 2011). Precipitation 
prevents the accurate measurement of particle 
size. Indeed to date, neither dynamic light 
scattering nor zeta sizing have proven successful 
tools for particle sizing. Laser diffraction has, 
however, been effective. 
 
Reducing Energy Required for Redispersion 
 
Quevedo explored the effects of mixing prior to 
drying and rehydration on particle size. It was 
anticipated that mechanical mixing during 
dispersion would aid in breaking down 
nanocellulose aggregates as CTAB was being 
added to the aqueous slurry. Eight dried pads were 
prepared with varying levels of CTAB addition 
over a range of mixing intensities. The first three 
pads were prepared at five weight percent 
surfactant dosage in 18.2 MΩ•cm water with a 
magnetic stirrer for three minutes, prior to the 
addition of CTAB solution to a blender which 
contained 10 g of 27 wt% DEICEL nanocellulose.  
Mixing was performed in the blender at one of 
three different settings for 45 s each, listed from 
least to most energy intensive: (1) “Liquefy,” (2) 
“Smoothie,” and (3) “Mix.”. After blending, the 
slurry was vacuum filtered and oven dried 
employing the technique describe above. Three 
10% CTAB sample pads were prepared. 
Finally, two pads were made to simulate current 
industrial process conditions. Specifically, ten 
grams of 27 wt% DEICEL nanocellulose was 
blended with 500 mL of tap water for two minutes 
on the lowest energy setting. The resulting 
solution was subsequently heated to 40°C, poured 
back into the blender along with a surfactant 
solution that had already been dissolved (0.273 g 
of CTAB in 30 mL of 18.2 MΩ•cm water), mixed 
at the lowest energy setting for 45 s, and vacuum 
filtered as per the other samples. One of these two 
pads was oven dried overnight at 110°C, while the 
other pad was freeze dried. Freeze drying served 
to compare the effect of drying method on 
redispersion; freeze drying was performed using 
liquid nitrogen at -196°C to freeze the pad, 
subsequently the freeze-dried water was sublimed 
at 250 μbar for 16 hours.  
All nine dried pads, including a control with no 
CTAB addition, were redispersed in the following 
manner: 1.5 g of dried pad was mixed with 200 
mL of 18.2 MΩ•cm water in the blender at two 
different settings—Puree and Mix—for 30 s each. 
 
Results and Discussion 
 
Results of Fiber Streaming Potential  
 
As expected for cellulose slurries, the streaming 
potential values of control samples without any 
surfactant treatment were negative at 
approximately -350 mV, while the addition of 
CTAB induced a positive streaming potential 
value of approximately 600 mV (Figure 1). The 
redispersed samples that had been dosed with 
CTAB, dried, rewetted, and agitated retained 
streaming potential values that were within ± 10 
mV of their respective dispersed streaming 
potential values. The control redispersed sample 
had a streaming potential value that was 180 mV 
higher than the dispersed control sample. It may 
be concluded then that CTAB treated 
nanocellulose slurries retained the streaming 
potential of the dispersed slurry upon 
redispersion. The untreated control slurry, 
however, does not. 
 
 
 
 
Fig 1. Streaming potential of nanocellulose slurries with 
varying levels of CTAB and dispersion 
-600
-400
-200
0
200
400
600
800
St
re
am
in
g 
P
o
te
n
ti
al
 (
m
V
)
Dispersed Redispersed
47 
 
 
Data collected by Beaupré demonstrated that the 
cellulose fiber surface was charge reversed from 
negative to positive upon the application of 
CTAB. Figure 2 demonstrates that a similar effect 
was observed for nanocellulose.  
 
 
 
 
 
Fig 2. Charge data (mV) for redispersed nanocellulose  
 
Indeed, there is a charge reversal when CTAB is 
introduced to the nanocellulose slurries, similar to 
the charge reversal observed with CTAB was 
introduced to cellulose slurries by Beaupré. A 
clear charge reversal is evidence that CTAB is 
adsorbed directly onto the surface of the fiber 
when it is dispersed into a nanocellulose surry. 
 
Results of Laser Diffraction 
 
Particle size distributions were typically bi- or 
tri-modal. Figure 3 presents the dispersed and 
redispersed particle size distribution for a control 
samples (0 wt% CTAB). The control dispersed 
distribution features two peaks, a broad peak 
centered at approximately 80 μm and a smaller 
peak at 400 μm, while the control redispersed 
distribution contains as single peak at 
approximately 400 μm.  
 
 
 
 
 
Fig 3. Particle size distributions of nanocellulose 
slurries with 0 wt% CTAB added (control) 
 
Samples with CTAB did come closer to 
recovering the desired particle size distribution 
(Figure 4). 
 
 
 
 
 
 
 
 
Fig 4. The effect of CTAB on the particle size 
distribution of nanocellulose slurries 
 
Scanning Electron Micrographs 
 
A scanning electron micrograph of a control pad, 
untreated with surfactant, displays a tightly 
packed, nonporous structure (Figure 5). The tight 
fiber packing is attributed to extensive 
agglomeration of fibers during drying. 
 
 
 
 
 
Fig 5. SEM image of dried control nanocellulose pad 
(0% CTAB added) 
 
As the concentration of surfactant increased, the 
dried nanocellulose pads exhibited a more open 
and visually “fluffier” assembly. Figure 6 
presents SEM images of dried nanocellulose pads 
with increasing CTAB concentration.  
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Fig 6. SEM images of dried nanocellulose pads with (a) 
2.5 wt% CTAB, (b) 5 wt% CTAB, (c) 7.5 wt% CTAB, and 
(d) 10 wt% CTAB at 3 μm resolution 
 
This imaging method reveals the structure of the 
pads before and after dosing. Smaller fibers 
appear in the SEM images as CTAB dosage 
increases. Comparison of Figures 5 and 6 
confirms that the addition of CTAB reduces fiber-
fiber bonding upon drying of the nanocellulose 
slurries.  
 
Results of BET Adsorption Isotherms 
 
The surface area of the control nanocellulose 
pad was found to be 1.16 m2/g. As CTAB 
concentration is increased, the measured surface 
area also increased: 1.77 ± 0.03 m2/g at 1 wt% 
CTAB, 2.50 ± 0.0 m2/g at 2.5 wt% CTAB, up to 
3.32 ± 0.02 m2/g at 10 wt% CTAB, see Table 1. 
The increasing surface area with CTAB dosage is 
consistent with the SEM evidence of decreasing 
fiber-fiber bonding. 
 
 
Sample 
Surface 
Area 
(m2/gm) 
Parameter 
c 
vmon  
(cm3/g 
STP) 
Control 1.16 ± n/a n/a n/a 
1% CTAB 1.77 ± 0.03 140 0.41 
2.5% CTAB 2.50 ± 0.01 63 0.57 
5% CTAB 2.65 ± 0.02 80 0.61 
7.5% CTAB 3.11 ± 0.02 61 0.71 
10% CTAB 3.32 ± 0.02 55 0.76 
 
Table 1. Surface area of dried nanocellulose pads as a 
function of increasing CTAB dosage   
 
Results of Absorption Test 
 
Figure 7 presents data from the water adsorption 
test of nanocellulose pads as a function of CTAB 
dosage and of the amount of energy employed to 
disperse the nanocellulose. The test suggests that 
absorption is optimized by the lowest energy 
setting used to disperse the surfactant in the 
nanocellulose slurry.  
 
 
 
 
 
Fig 7. Water absorbed after 15 minutes  
 
Recovery of CTAB in Solvent Extraction 
 
Soaking CTAB treated pads in organic solvent 
was employed to assess the potential recovery of 
CTAB from the dried pads. Post ethanol 
evaporation, a ring of white powder was observed 
on the bottom of the petri dish, indicating that 
CTAB was removed from the surface of the fibers 
(Figure 8a). Post hexane evaporation, no residue 
was observed on the petri dish, suggesting that 
hexane was not successful in removing CTAB 
from the surface of the fibers (Figure 8b). 
 
 
 
 
   
 
Fig 8. Petri dishes post solvent evaporation (a) CTAB 
removal with ethanol (b) hexane failure to remove 
CTAB 
 
BET adsorption was employed to determine the 
surface area of the ethanol and hexane soaked 
pads. The surface area of a 1 wt% CTAB dried 
nanocellulose pad that had been soaked in ethanol 
was determined to be 5.98 m2/g, while the surface 
area of a 5 wt% CTAB treated pad was found to 
be 12.61 m2/g.  It is evident that the BET surface 
area increased by a factor of 4 after soaking in 
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ethanol, relative to measurements taken 
previously (Table 2). BET adsorption data 
supported the conclusion that hexane was not able 
to remove CTAB from the surface of the 
nanocellulose fibers.  
The extent of CTAB recovery using the organic 
solvent ethanol was determined to be 62%. It is 
hypothesized that further recovery may be 
achieved with a series of solvent extractions or 
with agitation.  
 
 
 
 
Sample 
Surface 
Area 
(m2/gm) 
Parameter 
c 
vmon  
(cm3/g 
STP) 
Control 5.78 ± 0.01 119 1.33 
1% CTAB 5.98 ± 0.02 81 1.37 
2.5% CTAB 2.30 ± 0.02 78 0.53 
5% CTAB 13.2 ± 0.03 75 3.03 
7.5% CTAB 4.38 ± 0.03 100 1.01 
10% CTAB 13.3 ± 0.03 82 3.05 
 
Table 2. BET data for dried nanocellulose pads that 
have been soaked with ethanol for 30 min 
 
Reducing Energy Required for Redispersion 
 
Figures 9 and 10 present Quevedo’s results for 
the particle size cut off at which 70% of the total 
amount of particles measured were found to be 
below. The redispersion step compared “puree” 
and “mix” settings as a factor of CTAB 
concentration. It is evident that the average 
particle size decreases from the control pad to the 
never-dried nanocellulose, which was expected. 
Further, it may be seen that the particle size of the 
redispersed 10 wt% CTAB treated pads were 
closer than the 5 wt% CTAB treated pads to 
achieving an average particle size of never-dried 
nanocellulose. In addition, Figures 9 and 10 
reveal that redispersion is similar between pads 
with the same concentration of CTAB, regardless 
of mixing intensity. 
 
 
 
 
Fig 9. Particle size distribution of nanocellulose slurries 
redispersed using the “Puree” setting 
 
 
 
 
 
 
 
Fig 10. Particle size measurement using “Mix” setting 
for redispersion 
 
In order to compare the effect of the two 
redispersion mixing energies on particle size 
distribution, Figure 11 plots the effect of the 
redispersion energy on particle size. At 0 and 5 
wt% CTAB dosage, increasing the redispersion 
energy from “Puree” to “Mix” decreased the 
average particle size of the redispersed slurries. 
However, for 10 wt% CTAB dosage, an increase 
in redispersion energy did not result in a 
significant decrease in the average particle size. 
These results suggest that increasing the 
concentration of surfactant minimizes the amount 
of energy required during redispersion.  
The two sample pads that were prepared to 
simulate industrial operations were also analyzed 
(Figure 12). Both the oven-dried and the freeze-
dried nanocellulose pads resembled the particle 
size measurement of never-dried nanocellulose 
more than they did the control particle size 
measurement.  
 
 
 
 
 
Fig 11. Effect of redispersion mixing energy on particle 
size distribution (μm) 
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Fig 12. Comparing redispersed particle size (μm) of 
oven dried to freeze dried nanocellulose pads 
 
Although there is a difference in average particle 
size between the oven-dried and freeze-dried 
redispersed samples, investigation of Figure 12 
demonstrates that increasing mixing power did 
not have as great of an effect on either of these 
two samples as it did on the control sample. 
  
Conclusions 
 
The present work has demonstrated that the 
addition of CTAB is effective in decreasing fiber 
agglomeration of nanocellulose upon drying. 
Scanning electron microscopy reveals a 
noticeable change in the structure of dried pads 
containing CTAB: treated pads were much less 
dense than control pads. Brunauer-Emmett-Teller 
adsorption isotherms indicated a quantitative 
increase in available surface area of dried pads 
with increasing concentration of surfactant. 
Particle size distributions revealed that 
redispersed samples display larger particle sizes 
than dispersed samples, although the presence of 
CTAB reduces this shift towards a less desirable 
particle size distribution—increasing CTAB 
dosage leads to smaller particles upon 
redispersion.  
In addition, the data collected by Quevedo 
suggest that treating nanocellulose with surfactant 
reduces the amount of energy required for 
redispersion. Not only is the impact of mixing 
energy on particle size minimized with increasing 
CTAB dosage, but also the particle size 
distribution becomes more similar to the never-
dried nanocellulose. An optimum ratio of 
surfactant/nanocellulose is yet to be found, 
although the reduction of energy input is a 
significant discovery for the present work. 
The addition of the cationic surfactant CTAB to 
an aqueous nanocellulose slurry avoids the 
irreversible assembly into a plastic-like material 
after water is removed from the slurry. CTAB can 
even be recovered at 62% efficiency with an 
ethanol soak.  
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Appendix II: Calculations 
 
Surface Area for BET protocol 
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Recovery of CTAB from ethanol soak 
 
 
Observations in the laboratory  
 
Weight of empty petri dish = 41.25 g 
 
Weight of petri dish + ½-5% CTAB pad = 42.72 g 
 
Weight of petri dish + ½-5% CTAB pad + ethanol = 116.30 g 
 
Weight of petri dish + ½-5% CTAB pad + ethanol (after 30 min) = 111.71 g 
 
Weight of petri dish + ethanol (after 30 min, with ½-5% CTAB pad removed) = 108.05 g 
 
Weight of petri dish with recovered CTAB (after ethanol evaporation) = 41.29 g  
 
 
Calculations 
 
Recovered CTAB = (Weight of dish with recovered CTAB – Weight of empty dish) / 
Approximate weight of CTAB in original ½-5% CTAB pad 
 
Recovered CTAB = [(41.29 g) – (41.25 g)] / (0.065 g) 
 
Recovered CTAB = (0.04 g) / (0.065 g) 
 
Recovered CTAB = 0.615  62%  
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